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The paper presents several cost-effective modeling strategies that can be used by structural
engineers in practice to determine the stresses in the spliced members. The computational
efﬁciency and the modeling effort required for the several modeling options are also dis-
cussed. The deformation mechanisms and load transfer for several types of connections
are illustrated. Optimization techniques are also presented to economize the computer
time for connections with large number of bolts. Results are presented to compare the
accuracy of several modeling strategies commonly used in practice. It is shown that for
eccentric connections, the ﬂexural bending largely affect the maximum tensile and com-
pressive stresses within the joint. The difference may reach up to 54%. Finally, Experimen-
tal comparisons are made with the numerical procedures for typical connection model.
 2010 Elsevier Inc. All rights reserved.1. Introduction
Splice joints are frequently encountered in design of steel construction. Structural engineers are required to detail these
connections during the developments of fabrication drawings. Fig. 1 shows typical example two beam members connected
by splice plates. In this case, the two webs are bolted together by splice plate. The spliced members may represent a W-shape
or channel sections, as shown in section A–A. Fig. 2 shows alternative type of splice joint used in cold formed steel construc-
tion. The two channel sections, in this case, overlap in the splice region. Self tapping rivets are used to connect the two webs.
A schematic of the ﬁnite element model for the splice components are also shown in these ﬁgures.
Analysis of bolted joint is complex problem due the interaction between the bolts and the spliced webs. A major difﬁculty
appears in the modeling procedure is to idealize the load transfer between the spliced components. The resulting stress dis-
tribution is largely inﬂuenced by the assumptions used in the analysis. Albino et al. [1] presented a probabilistic procedure to
determine the fatigue curves of splice joints in shear. The model was correlated with experimental data. Naarayan et al. [2]
reviewed various studies conducted on failures of spliced joints. They showed the effect of rivet loads on various failure
modes of splice joint model with three rows of rivets. Moreira et al. [3] presented three dimensional ﬁnite element models
for single lap splice joint with three rivet rows and one column. Three-dimensional ﬁnite element models may provide accu-
rate presentation of the stress distribution around the bolt holes. However, extensive modeling efforts and computer time
are normally required. This may not be practical for analysis of structures with large number of bolts. For this reason, several
simpliﬁed analytical procedures were presented in Refs. [4–15] for analysis of splice joints. Some of these methods are based
on inﬁnite plate assumption. Others utilize the complex variable techniques to predict the stresses in the vicinity of bolts.
Some procedures apply correction factors to take into account the variation of the boundary conditions. Some researchers,
used half-cosine load distribution (applied at the edge of the hole) to reﬂect bolt/plate interaction. Others used displacement
boundary conditions to stimulate this effect.. All rights reserved.
Fig. 1. Example of spliced W-shape sections (top). Finite element models (bottom).
1882 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892The paper presents simpliﬁedmodeling procedures that can be utilized in the industry for analysis of splice joints. Accuracy
and computational efﬁciency of these modelling options are discussed. Combinations of spring and gap elements are used to
stimulate the load transfer between the splice components. The number of elements required to idealize the in-plane load
transfer with reasonable accuracy are determined. The described procedures are suitable for splice joints with large number
of bolts. Efﬁciency and numerical veriﬁcations of the described procedures are also illustrated for several splice examples.
2. Splice joint model representation
Accurate prediction of stresses within spliced joints is very important requirement in order to determine the fatigue life of
the connection. To obtain reliable stress distribution, the load transfer must be accounted for. Several strategies can be used
by the structural engineer to model the in-plane load transfer between the bolts and the spliced plates. For example, spring
or gap elements can be used along the bolt/web boundaries. Gap elements stimulate the unidirectional point-to-point con-
tact between the web and the bolt. Their coordinates are normally deﬁned by points of connectivity (GA) and (GB). A major
deﬁciency appears when using gap elements is that longer analysis time required than spring elements. This scenario may
not be favourable if the connection contains large number of bolts since the computational time may not be affordable. How-
ever, gap elements are very useful tool in modeling the load transfer between the bolts and the web for general type of in
plane loadings (e.g. non-uniform tensile, shear, combined shear and tension, etc.). This is because they require two separate
values of axial stiffness: (1) opening (or tensile) and, (2) closed (or compressive). The axial element force is computed from:Fx ¼ Ka U > 0 ðCompressionÞ; ð1Þ
Fx ¼ Kb U > 0 ðTensionÞ; ð2Þ
Fig. 2. Spliced cold formed channel sections (top). Finite element models (bottom).
O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892 1883where Ka and Kb, are the closed and open stiffness of the gap elements. The penalty method is used to stimulate the rigidity
between the two degrees of freedom of the contact points. This is achieved by adding large value to the stiffness so that these
points have the same displacements. Penalty values are sometimes introduced to avoid physical penetration and enforce
contact condition between the attached points. The penalty values are continuously updated during the deformation process,
since the stiffness of the two attached elements change during the incremental process. These values are normally adjusted
adaptively throughout the analysis. The non-linear analysis for the joint is performed using the following Lagrange strain
tensor description:eij ¼ 12
oui
oxj
þ ouj
oxi
þ ouk
oxi
ouk
oxj
 
; i; j; k ¼ 1;2;3: ð3ÞNote that repeated indices indicate summation. The stresses within the splice joint are calculated from the following
relation:rij ¼ Eijkl ekl; ð4Þ
where rij and ekl are the conjugate stress and strain measures and Eijkl is the material constant. Equilibrium conditions are
satisﬁed for each element using the energy principle. In this case the total potential of typical element is given byY
¼ U W; ð5Þ
where U is the strain energy and W is the applied load. The strain energy is given byU ¼ 1
2
Z Z Z
V
rijij dV : ð6ÞMinimizing the total potential of the element with respect to the displacement coefﬁcients yields the following system of
equations:o
Q
oxi
¼ 0: ð7ÞThe resulting system of equations yields the displacement coefﬁcients. The stresses are then computed using the Eq. (4).
Fig. 3. Sign convention of typical bolted plate.
1884 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892Spring elements offer alternative mean to model the in-plane load transfer. The tensile or compressive axial forces (Fx) are
computed using only one stiffness value for compression and tension, i.e.Fx ¼ KaU > 0 ðCompressionÞ: ð8Þ
Therefore, the closed and opened stiffness in this case are equal. As illustration, if the joint is subjected to tensile in-plane load-
ing the opened stiffness will be almost negligible compared to the closed stiffness. This feature makes gap elements more
favourable to use by the engineers because they can be connected around the entire web/bolt boundary. Locations of spring
elements, on the other hand, depend upon the type of loading. To illustrate this feature, consider the typical platewith a central
rivet of radius (a), as shown schematically in Fig. 3. The point of intersection of the positive x-axis and the bolt boundary cor-
responds to h = 0. Therefore, positive angular rotation is clockwise. For example, the intersection point of the positive y-axis
with the bolt boundary corresponds to h = 270. If the uniform axial tension is applied at x = L/2, spring elements should to
be placed only at the left half of the web hole (i.e. 90 6 h 6 270). If alternatively the load is applied at x = L/2, nodes along
the right half (i.e. 0 6 h 6 90 and 270 6 h 6 360) should be connected by spring elements. For other type of loading, e.g.
non-uniform or non-symmetric joints, spring element might very difﬁcult to use and requires much more modeling effort
by the engineer. This shows the advantage in using gap elements in modelling the in-plane load transfer.3. Modelling strategies
In order to model the in-plane load transfer between the web and the bolts, the following two strategies can be used:
3.1. Model (I)
Model only the perforated web by shell elements. In this case, auxiliary node is required at the center point of the bolt
location to transfer the load, as shown in Fig. 4. Gap elements are then generated to connect this node to the web boundary.
In this case, GA will be the same for all gap elements and GB will be variable. This model will be denoted in subsequent dis-
cussion as Model-(I). Springs can also be used for both models instead of gap elements. However, as mentioned earlier, their
connection points depend upon the type of loading. For example if the applied load on the right edge, spring elements need
to be generated from the ﬁctitious node (o) to the compression side of the plate as shown in Fig. 4(b).
3.2. Model (II)
Model the plate and the bolt head by shell elements as shown in Fig. 5. In this case, the elements used to model the bolt
heads is assigned different material properties. Gap elements are then used to connect all nodes around the bolt/web bound-
aries, as shown in enlarged detail of Fig. 5. In this case, GA and GB will be different for each gap element. When using this
model, it is also recommended to generate a local cylindrical coordinate system for the gap element orientations. This model
will be denoted in subsequent discussion as Model-(II). Alternatively, spring elements can be generated on the compression
side of the web as shown in the enlarged detail of Fig. 5. A major advantage of Model (I) strategy, from the computational
efﬁciency point of view, is that less number of shell elements is required. However, this model may not be suitable for some
loading conditions.
Fig. 5. Details of ﬁnite element idealizations for Model (II).
Fig. 4. Details of ﬁnite element idealizations of Model (I).
O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892 1885In order to account for the out of plane bending in the splice joint, the displacements and the rotations should be trans-
ferred between the connected webs. Several modelling techniques can be used to stimulate the deformation mechanisms.
For example, spring elements can be used to link the spliced web plates. This procedure in some cases produces inaccurate
stresses in the areas surrounding the bolts. Alternatively, rigid links in combination with rotational springs can be used to
1886 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892stimulate the bending mechanism of the joint. This technique may require extensive modelling effort by the engineer, since
all the nodes surrounding the bolt should be restrained against rotation by spring elements.4. Computational efﬁciency
In this section, comparisons are presented for the modelling techniques described in the previous section to idealize
splice joints. For simplicity, a square plate is used. The geometric details of the plate are L =W = 6 in., thickness t = 0.24 in.
and the radius of the bolt is 1 in. The load is applied at the right edge and its magnitude is rxx = 145 psi. The material property
of the plate is E = 7.62  106 psi, and Poisson’s ratio m = 0.3. The opened/closed stiffness ratio of the gap elements used in the
present investigation for both models is Ka/Kb = 5  1011. The axial spring stiffness is K = 285.6 Ib/in. Nodes at (±3 in, 0) were
restrained against motion in the y direction.4.1. Convergence of the solution
A convergence study was made to determine the adequate number of spring elements to model the load transfer between
the bolt and the spliced webs. The analysis was done using Model (I). The comparison is made using 200, 100, 50, 40 and 30
spring elements. For the model with 200 springs the total number of element used is 7135, with total of 8788 degrees of
freedom (DOF). The number of elements decreases to 1361 (6584 DOF) for the model with 50 springs. Note that ﬁnite ele-
ment mesh becomes ﬁner towards the web/bolt interface as the number of spring elements increases. This obviously affects
the magnitude of the stress values in each model.
Fig. 6 shows the convergence of the maximum stress (rxx)max obtained using linear and non-linear analyses with increas-
ing number of spring elements. The curve with solid triangles represents convergence of the maximum stress (rxx)max ob-
tained using linear analysis. The curve with solid circles represents convergence of (rxx)max obtained using non-linear
analysis. It can be seen that the stress values obtained using the linear analysis are upper bounds for the non-linear analysis.
The change in the peak stress becomes insigniﬁcant by increasing the number of springs from 100 to 200. The difference is
approximately 2% using non-linear analysis and the difference in CPU time is 360 s. This difference increases to 11% by
decreasing the number of springs to 50 and the difference in CPU time is 395 s. By using 30 springs, the difference increases
to 18% and the difference in CPU time is 416 s. When using linear analysis, on the other hand, the difference is slightly less
than the non-linear case. For example, the difference in using 200 and 50 springs is 7% and is 9% when using 200 and 30
springs. Therefore, to obtain a reasonable accuracy, the number of springs should vary between 40 and 100.
Fig. 7 shows the stress contours (rxx) obtained using linear and non-linear analysis. The ﬁnite element mesh contained
100 springs and the web is modeled by 2084 shell elements (8312 DOF). Since the load is applied only at the right edge
of the web, only the left half of the bolt hole was connected by spring elements. The right half of the hole was assumed
to deform freely. Two coordinate system were generated: (1) rectangular (CID-0) with origin located at the lower left corner
of the web; (2) cylindrical (CID-1) with origin located at the central point of the hole. The second coordinate systemwas used
to deﬁne the local coordinate system for the elements. To maintain clarity in the ﬁgures, the spring elements are not shown.
The maximum non-linear stress (rxx)max = 700 psi. The maximum linear stress value (rxx)max = 815 psi. The CPU time for the
former is 112 s and for the latter is 32 s. The maximum stress for both cases occurs at h = 90 and 270. The overall stress
distributions are very similar in both cases except in compressed part of the web. In the linear stress distribution, theFig. 6. Convergence of (rxx)max for non-linear and linear analyses.
Fig. 7. Stress contours (rxx) in splice joint using non-linear analysis (left) an linear analysis (right).
O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892 1887compression region (shown by the dark blue color) extends larger towards the end of the plate while in the non-linear case
this region is localized around the web hole.
4.2. Model (I) vs. Model (II) strategies
In this section a comparison is made between modelling strategies (I) and (II). In Model (II), the web was modeled by
equilateral elements and the bolt head was modeled using triangular elements. The ﬁnite element nodes at the web and
the bolt boundary coincide in this model. Alternatively, for modeling convenience, a physical gap can be created between
the bolt and the web. This makes it easier for the engineer to specify the points of connectivity GA and GB. The web and
the bolt were connected by 120 gap elements around the boundary. Non-linear analysis was used in both models. When
using Model (I) strategy, the resulting maximum stress (rxx)max = 656 psi and the CPU time is 185 s. The maximum compres-
sive (rxx)max = 250 psi. When using Model (II), the maximum stress (rxx)max = 679 psi and the computer time is 244 s. The
maximum compressive stress for this model is (ryy)max = 238 psi. Although, the stresses in both models are in close agree-
ment, the CPU time for Model (I) is less because the bolt was not modeled by 2-D plate elements.
5. Splice joint with multiple bolts
This section highlights the inﬂuence of out of plane bending induced in splice joint with multiple bolts due to load eccen-
tricity. Modeling strategy (II) described in Section 3.2 was used to represent the in-plane load transfer between the splice
components. Two ﬁnite element models were generated to illustrate the inﬂuence of the secondary bending due to load
eccentricity. A sketch for the splice joint is shown in Fig. 8. Due to symmetry, only one half of the joint is considered. The
location of the joint centerline is denoted by (CL).In the ﬁrst model (A), the splice plate and the bottom webs were physically
separated by a distance equals to the average of their thickness. The bolts in the vertical direction were idealized by ﬂexural
beams with circular cross section to transmit the rotation and in plane translation. The end points of the beams were par-
tially restrained against rotation. Each bolt head was modeled with 184 triangular elements in the bottom webs and by 200
elements in the splice plate. The rectangular area surrounding each rivet in the bottom plate contains 160 shell elements and
in the splice plate contains 200 shell elements. Around each rivet 100 gap elements were used to model the load transfer
between the web and the bolts. In addition to the gap elements, each node around the bolt was connected to its adjacent
node on the plate by extensional and rotational spring elements. The extensional springs transmit the in-plane translation
from the plate to the bolt in the z-direction and the rotational springs transmits the rotation in the y-direction. Therefore,
compatibility of displacement in the z-direction and rotation in the y-direction is achieved in this model. The model contains
4704 elements with total of 20430 degrees of freedom (DOF). The second model (B) ignores the secondary bending effect.
Only gap elements were used to model the in-plane load transfer. This model contains 4384 elements.
Fig. 8 shows the resulting stress distributions for models (A) and (B). The resulting stresses are compared for the splice
plate (view A) and the bottomweb (view B). For clarity, the triangular elements representing the bolts are not shown in these
ﬁgures. It can be seen that when the secondary bending is accounted for, the maximum tensile stress (rxx)max = 3.55 ksi in
the bottom web and (rxx)max = 2.58 ksi in the splice plate. These maximum tensile stress values are reduced to
(rxx)max = 2.69 ksi (in the bottom web) and to (rxx)max = 1.68 ksi in the splice plate by ignoring the secondary bending.
Therefore, the increase in the peak stress values is almost 54% in the splice plate and 32% in the bottom web. This shows
the importance of the secondary bending effect in the analysis of the splice joints.
Fig. 8. Inﬂuence of secondary bending in splice joint with four bolts.
1888 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892The computer time for splice joints with multiple bolts is very expensive, and additional options can be used to further
economize in computational cost. For example, the engineer may only model the critical row of the splice joint, where the
maximum stress occurs. Fig. 9(a) shows a comparison of the computer time between four different model for a splice joint
with multiple bolts under tensile loading. The CPU time for each model is normalized by the analysis time required for Model
(II). In Model (II–A) gap and spring elements are used only around the compression side of the bolt boundaries. In Model
(II–B) only the critical bolt rows in the webs and the splice plate are modeled with gap and spring elements. Nodes around
other bolts are merged. This model contains much lower number of gap and spring elements than Model-(II–A). Therefore,
Fig. 9. Comparison of CPU time and accuracy between several models.
O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892 1889this model can be used to determine the stress characteristics along the critical row where cracks ﬁrst initiate. In Model
(II–C) is similar to Model (II-B), except that gap elements are used only around the compression side of the hole. It can be
observed that Model-(II–A) requires 20% larger CPU time than Model-(II). Although the model contains less number of
elements around each bolt, convergence of the solution was longer. Model-(II–C) requires 10% less CPU time than Model-
(II). Therefore, modeling only the critical row may result in a reduction in computer time by approximately 10%. Fig. 9(b)
compares accuracy of the solutions for the four models. The comparison is made relative to the maximum stress of Model
(II). It can be seen that the difference between models (II) and (II–A) is approximately 15%. Although the CPU time between
Models (II) and (II–A) is 10%, the maximum stresses differ by almost 25%.6. Experimental comparison and modelling recommendations
An optimization study was conducted to provide guidelines that can be used in practice for analysis of splice joints. The
splice joint model that was used in the study contained 24 rivets (three rows and nine columns). Each sheet has a thickness
t = 0.04 in., widthW = 10 in., and length L = 12 in. The interior rivet spacing in the horizontal and vertical direction is one inch
and the edge distance is 0.5 in. Several mesh layouts were used, to compare the computer speed and accuracy of the resulting
stress distribution. To provide recommendations to for reliable structural modelling, it convenient to divide the splice joint
as shown in Fig. 10. The pie chart shows the optimum distribution of elements required to provide accurate stress represen-
tation. The area within the splice region (shown by the dashed rectangle) requires approximately 62% of the total number of
elements to produce stresses with reasonable accuracy. Areas outside the splice require approximately 25% of the total num-
ber of elements. The number of gap and spring elements required to model the in-plane within the splice region represents
approximately 13%.
Using these recommendations, the area inside the splice region was modeled by 14,424 elements. Area outside splice was
modeled by 5900 elements to transfer the kinematics during loading. The total number of gap and spring elements required
2880.
The ﬁnite element solutions were compared with experimental results using photo elastic and strain gauges for the splice
joint. Fig. 11 shows experimental validation for the Finite element modeling procedure described previously. The compar-
ison is made between the maximum shear strain countours obtained using FE and photo-elastic results. Model (A) strategy
described is section 5 was used in the ﬁnite element analysis.
Photo-elastic images were acquired using a Kodak EOSDCS-5-24-bit digital camera with pixel resolution of 1524  1012.
The polariscope consisted of two polarizers and two quarter-wave plates tuned to 577 nm. A narrow band ﬁlter centered at
577 nm with bandwidth of 10 nm was placed between the second polarizer (the analyzer) and the Camera. A photo-elastic
Fig. 11. Comparison of photo elastic test and FE results.
Fig. 10. Optimum element distribution for splice joint with 24 bolts.
1890 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892coating, supplied by the Measurement Group Inc. [16] model PS-1, was placed over the top plate and extended 5 in. from the
edge. Clearance holes were trimmed from the coating around the rivet locations. Modulus of Elasticity of the photo-elastic
coat is Ec = 0.42  106 ksi, Poissons’s ratio vc = 0.38, and strain sensitivity of 1900  106 per fringe. The analysis used an
Fig. 12. Comparison of strain gauge test results and FE solutions for applied load case (LC1).
Fig. 13. Comparison of strain gauge test results and FE solutions for applied load case (LC2).
O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892 1891adaptation of the 6-image phase stepping technique introduced by Patterson and Wang [17]. Two Photo-stress separator
gauges were attached over the coating surface 1.5 in. from the third row to verify the far-ﬁeld strains of the Finite Element
Model. A row of strain gauges was positioned 1 inch from the critical rivet row. Pairs of gauges were placed back to back on
each side of the sheet at each location, to distinguish between membrane and bending stress components. On some spliced
specimens another row of back-to-back gauges was placed along a line tangential to the rivet holes of the critical row. This is
the approximate location of maximum out-of-plane bending stress in non-bonded lap splices. The specimen was mounted
on a hydraulic loading frame and loaded in the vertical direction using a single hydraulic actuator, and a standard load cell to
provide load feedback to the electronic control system. Steel insets were used to support the edges of the specimen.
The resulting maximum shear strain contours shown in Fig. 11 shows good agreement in the overall distribution. A map
of the absolute difference between the FE and photo-elastic results showed that at the far ﬁeld the agreement was within
143 micro-strain. The region of highest hoop strain in the FE model was found at the lower half of the critical row where
the FE and photo-elastic data agree very well. The difference between the FE and experimental measurements is attributed,
in part, to the lack of correction factors that account for the moment gradients. The placement of the photo elastic coating
and the adhesive material over the surface of the specimen increase the stiffness of the joint due to the increase in thickness.
As a result, the neutral axis of the coated sheet is shifted from the centerline of the top plate toward the coated side. The
polariscope measures the average fringe order (or strain) at the mid-plane of the coating, which is further from the center
line of the top plate. Therefore, the observed photo-elastic strain is larger than the true strain due to the out-of plane bend-
ing. The difference between the two strains becomes very pronounced in thin plates since the thickness ratio of the plate to
coating is close to unity. It was observed during the test that signiﬁcant out-of-plane bending in areas remote from the rivets
and towards the edges. The rivets, however, suppressed the deformation in their neighboring areas, thus creating a
wavy-pattern of deﬂection.
1892 O. Bedair / Applied Mathematical Modelling 35 (2011) 1881–1892Fig. 12 shows a numerical comparisons of the stresses obtained using strain gauge data and FE results were made for two
load cases. Model (A) strategy described in section 5 was used in the ﬁnite element analysis. Fig. 13 shows the comparison
for load case (LC1) with applied load equals 6497 Ib. The upper two curves compare the membrane stress component
(rxx) within the splice and the lower curves compare the bending stress component. The x-axis represents the rivets num-
bers. Solid curves with circles represent the FE stress while dashed curves with triangular legends represent experimental
measurements. It can be seen that FE and the test results are in good agreement. The largest difference is 8%. Fig. 13 shows
the comparison between strain gauge data and FE results for load case (LC2). The applied load in this case is 7219 Ib. The
agreement between the test and the FE model is also reasonable. Slight deviations are observed between the membrane
stress values. The maximum difference occurs between rivets 4 and 5. The ﬁnite element value is (rm) = 13.5 ksi while
the test value is (rm) = 14.4 ksi. The bending stress shows much better agreement.
7. Conclusions
The paper presented comparisons for various modeling strategies of the splice joints using ﬁnite element method. Com-
binations of elements were used to simulate the load transfer between the bolts and the spliced webs. Based on the study, it
can be concluded the following:
 Although gap elements require non-linear analysis, they provide accurate representations in the modeling procedure
because the opened and closed stiffness are independent.
 Gap elements are more convenient to use for general type of in-plane loading such as shear, or non-uniform tension.
 The stress concentration region using non-linear analysis is more localized than in the linear case. It was observed that
the compression region in the web extended to the edge by using linear analysis, whereas this region terminates at a
shorter distance from the rivet hole using the non-linear analysis.
 The stress values obtained by linear analysis are upper bounds for those obtained the non-linear analysis.
 Based on the investigation it would be sufﬁcient to use 40–100 spring elements to model the in-plane load transfer.
 The computation cost when using the gap elements for joints containing multiple rivets might be very expensive. There-
fore, spring elements may be used with linear analysis to obtain overall stress distribution. For more accurate results in
critical areas, non-linear analysis using either gap or spring elements can then be used.
 The secondary bending increases the peak stress around the bolts 54% in the splice plate and by 32% in the webs. There-
fore, it must be accounted for in the analysis of splice joints.
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